ABSTRACT Scyphophorus acupuncatus Gyllenhal is considered to be the most signiÞcant pest of cultivated agaves in the world. Recent studies on the chemical ecology of this weevil have shown that males release a pheromone that attracts both sexes. In this study, we investigated the effect of feeding, aging, photoperiod, and time of day on pheromone release by S. acupuncatus males under laboratory conditions. The pheromone released by individual males was sampled using solid-phase microextraction and analyzed by gas chromatographyÐ coupled mass spectrometry. Our results show that food is an important factor because weevils deprived of plant material did not release any pheromone. In addition, we found that males fed with apple, a nonhost plant, released less pheromone than weevils fed with agave. Host odor does not seem to be important in stimulating pheromone release. We found that males as young as 1 mo were able to release pheromone, although the numbers of individuals releasing pheromone increased with age. Older males released more pheromone than younger males. We found that S. acupuncatus males released pheromone during the photophase and scotophase; there was, however, no signiÞcant peak in pheromone release. Also, the pheromone released by S. acupunctatus was not affected by the length of the photoperiod.
The agave weevil, Scyphophorus acupunctatus Gyllenhal, is indigenous to America. It has been introduced to different parts of the world, including countries in Europe, Africa, Asia, and Oceania (Vaurie 1971 , CABI/EPPO 2006 . This weevil feeds exclusively on plants belonging to the Agavaceae and Dracaenaceae families. S. acupuncatus is considered to be the most signiÞcant pest of cultivated agaves in the world.
Adult S. acupunctatus are small black weevils (12Ð15 mm long) with crepuscular habits. Mating and oviposition take place principally on the botton of leaves or inside the agave head (Lock 1962) . The life cycle of S. acupunctatus varies with time depending on environmental and nutritional factors (Hill 1983 , Ramṍrez-Choza 1993 . For example, S. acupunctatus adults can survive up to 8 mo in henequen plantations (Ramṍrez-Choza 1993) , whereas in the laboratory they live for 12Ð18 mo (Ruiz-Montiel, C., unpublished data). Larvae and adults of the species are found aggregated in lower leaves and inside agave heads. As with other weevils, semiochemicals seem to play an essential role in mediating host location and aggregation in agave plants.
Recent studies on the chemical ecology of this insect have shown that males release a pheromone that attracts both sexes (Ruiz-Montiel et al. 2003 , 2008 . Analysis by coupled gas chromatographyÐ electroantenographic detection of male efßuvia showed the presence of four active peaks that were identiÞed as 2-methyl-4-heptanol, 2-methyl-4-octanol, 2-methyl-4-heptanone, and 2-methyl-4-octanone. The major component is 2-methyl-4-octanone, which can comprise 80% of the blend. Field experiments showed that all compounds are attractive to both sexes of S. acupuncatus. However, either the major component, or two ketones, is sufÞcient to obtain captures equivalent to those of the quaternary blend (Ruiz-Montiel et al. 2008) . Plant volatiles seem to be important in enhancing weevilsÕ attraction to pheromones because traps baited with the binary blend of ketones with agave captured signiÞcantly more weevils than traps baited with the binary blend alone or agave alone (RuizMontiel et al. 2008 ). In addition, several studies have shown that both sexes of S. acupunctatus are attracted to agave volatiles in laboratory and Þeld bioassays (Valdé s-Rodrṍguez et al. 2004 Valdé s et al. 2005 , Altuzar et al. 2007 .
Nevertheless, to have a complete understanding of the chemical ecology of this species, a detailed knowledge of different aspects of the pheromone biology of S. acupunctatus needs to be investigated. For instance, during our previous studies we found that not all males release pheromone. The reason why some males do not release pheromone remains unkown; several biotic and abiotic factors may be involved. In this study, we investigated the effect of feeding, aging, photoperiod, and time of day on pheromone release by S. acupuncatus males under laboratory conditions.
Materials and Methods
Insect Rearing. Weevils and the heads of Agave tequilana Weber (variety Blue) used for insect rearing were collected from 6-yr-old plants growing in commercial plantations near Tequila, Jalisco, Mexico. Healthy agave heads were infested with 10 males and 10 females to begin the insect rearing process. The artiÞcially infested heads were placed into plastic containers (36 cm high by 30 cm in diameter) and maintained at a temperature of 25 Ϯ 2ЊC and 70 Ϯ 10% RH with a photoperiod of 12:12 (L:D) h. The mouths of the containers were covered with hardware cloth mesh to allow respiratory air movement. After emergence, the sex of each adults was identiÞed according to Ramṍrez-Choza (1993) . Each month, males and females were segregated into separate plastic containers (14 cm high by 11 cm in diameter) to obtain individuals of known age. Weevils were maintained under the experimental conditions described above. Weevil larvae were provided with small pieces of A. tequilana heads as food. The larval food was changed every 15 d.
Volatile Sampling and Chemical Analysis. The volatiles emitted by individual males in the different experiments were sampled by using the solid-phase microextraction (SPME) technique. SPME devices, with a Þber coated with 65-m polydimethylsiloxane-divinylbenzene (PDMS-DVB; Supelco, Bellefonte, PA) were used to collect all of the samples. Individual males were placed in a 7-ml glass vial Þtted with a polyurethane foam cap. The Þber was exposed to the headspace through a pin-sized hole in the top of the cap. The Þber was exposed to the headspace for 15 min. All of the samples were maintained under the same temperature and relative humidity conditions (25 Ϯ 2ЊC and 65 Ϯ 10% RH). After 15 min, the Þber was withdrawn and inserted into the injector of a gas chromatograph-mass spectometer (GC-MS). The samples were desorbed for 5 min in the GC injector for analysis.
GC-MS analyses were performed with a GC Varian model Star 3400 CX equipped with a DB-5 capillary column (30 m by 0.25 mm and coat thickness of 0.25 m) and a Varian Saturn 4D ion trap mass detector. The temperature program was 50ЊC for 2 min and 10ЊC/min to 150ЊC. The injector and detector temperatures were 250 and 300ЊC, respectively. The identities of the compounds were conÞrmed by comparing the retention times and mass spectra of synthetic pheromone components. The synthetic compounds were prepared according to the procedures reported by Perez et al. (1997) . Under the experimental conditions of this study, only the major pheromone component, 2-methyl-4-octanone, was consistently recorded in the headspace samples, and therefore only this compound was considered in the study. QuantiÞcation of 2-methyl-4-octanone was performed by integrating the peak areas by using an external standard method. For calibrations, solutions of known amounts of 2-methyl-4-octanone dissolved in hexane were injected using analytical conditions identical to those used during SPME analyses.
Influence of Food. The inßuence of food on pheromone release was evaluated in three different experiments using virgin males 8 mo old. Males were maintained at a photoperiod regimen of 12 L:12 D. The males were sampled between 15 and 17 h. In the Þrst two experiments, the weight of each male was recorded to establish a possible relationship between this parameter and the amount of pheromone released. In the Þrst experiment, the males were placed individually in glass containers without food for 24 h. At the end of this period, each male was placed in a 7-ml glass vial Þtted with a polyurethane foam cap. The headspace in each vial was sampled after 24 h and only those individuals not releasing pheromone were used in the experiment. The males were separated into one of two treatments: (1) one male ϩ 1 g of fresh agave (n ϭ 28) or (2) one male alone (n ϭ 16). The headspace in each treatment was sampled after 72 h.
In the second experiment, the males were placed individually into glass containers without food for 24 h. They were individually placed in 7-ml vials, and their volatiles were sampled after 24 h as described above. The males that were not releasing pheromone after that period were chosen for the experiment. The males were separated into two treatments: (1) one male ϩ 1 g of fresh agave (n ϭ 15) and (2) one male ϩ 1 g of fresh apple (n ϭ 30). The headspace in each treatment was sampled after 72 h.
In the third experiment, the males were treated as described above. After sampling their volatiles, the males that were not releasing pheromone were separated into four treatments: (1) one male ϩ 1 g of fresh agave (n ϭ 45), (2) one male ϩ 1 g of fresh agave, but the male was separated from the food by a wire cloth (n ϭ 45), (3) one male ϩ 1 g of fresh apple (n ϭ 25), and (4) one male ϩ 1 g of fresh apple but the male was separated from the food by a wire cloth (n ϭ 25). The headspace in each treatment was sampled after 72 h.
Influence of Age. The inßuence of age on pheromone release by S. acupunctatus was investigated using virgin males of different ages. The ages chosen were a function of the ages of males that were available when the experiment began. Male pheromone was sampled using the methodology described above. One gram of fresh agave was added to each vial containing a male. Pheromone release was measured when the males were 1, 2, 3, 4, 14, 15, and 16 mo old. The males were maintained at a photoperiod regimen of 12 L:12 D h. The males were sampled between 15 and 17 h. Twelve males were used for each group. In each age category, the weight of each male was recorded to establish a possible relationship between age and the amount of pheromone released.
Influence of Photoperiod. The inßuence of photoperiod on pheromone release in S. acupuncatus was evaluated using 11-mo-old virgin males conditioned for 5 d under three different photoperiod regimens (24 L:0 D, 0 L:24 D, 12 L:12 D). The males were placed individually in glass vials containing 1 g of fresh agave. The pheromones emitted by males in each group were measured on the sixth day. The males were sampled between 15 and 17 h. Twenty-seven males were used in each group.
Influence of the Time of Day. The effect of the time of day on pheromone release was determined using 10 12-mo-old males placed individually in glass vials containing 1 g of fresh agave. The males were maintained at a photoperiod regimen of 12 L:12 D. Pheromone release by each male was sampled for 15 min every 3 h during scotophase and photophase.
Statistical Analysis. The differences between the number of males that released pheromone in each experiment was analyzed using a Kruskal-Wallis test ( 2 approximation). The differences in the amounts of pheromone released by males in the different experiments were analyzed by the Mann-Whitney test or the Kruskal-Wallis test. When signiÞcant differences were found using the Kruskal-Wallis test, multiplecomparison tests were performed according to Sprent (1993) . In two experiments, the possible relationship between insect weight and the amount of pheromones was analyzed using correlation analysis. All analyses were performed using SAS software (SAS Institute 1996) . A probability of ␣ ϭ 0.05 was used in all of the statistical analyses.
Results
Influence of Food. Evidence of damage on plant tissue and the presence of frass produced by the feeding activity of the weevils were observed in the treatments where males were supplied with food. In the Þrst experiment, 10 of the 28 males supplied with food released pheromone, whereas none of the males without food released pheromone. In the second experiment, we found that 60% of males fed with agave released pheromone, whereas only 20% of males fed with apple produced pheromone. The difference between the groups in the second experiment was signiÞcant ( 2 ϭ 7.04, df ϭ 1, P Ͻ 0.05). Although agavefed males released three times more pheromones (1.53 ng/male, n ϭ 9) than apple-fed males (0.39 ng/male, n ϭ 6), this difference was not signiÞcant (W ϭ 84, df ϭ 1, P Ͼ 0.05). In both experiments, there was no correlation between weevil weight and the amount of pheromones that were released. In the third experiment, 84% of the males that consumed agave also released pheromone, whereas only 4% of the males that did not consume agave released pheromone. The difference between the groups was signiÞcant ( 2 ϭ 63.51, df ϭ 1, P Ͻ 0.05). Males that fed on agave released Ϸ2.2 ng/male (n ϭ 17), whereas males that did not comsume agave released 0.82 ng/male (n ϭ 2). In the case of apples, 72% of males that fed on plant material released pheromone, whereas only 12% of males that did not consume plant material released pheromone. The difference between the groups was signiÞcant ( 2 ϭ 20.92, df ϭ 1, P Ͻ 0.05). Both groups of males only released traces of pheromone, so it was impossible to quantify.
Influence of Age. Males as young as 1 mo old released pheromone, although the numbers of males releasing pheromone increased with age ( 2 ϭ 39.9, df ϭ 6, P ϭ 0.0001). The amount of pheromone released by males of different ages differed signiÞcantly (H ϭ 10.30, df ϭ 4, P Ͻ 0.05). One-and 2-mo-old males were excluded from the analysis because very few of them released pheromone. Three-month-old males released signiÞcantly less pheromone than 4-, 14-, 15-, or 16-mo-old males (Table 1) . There was no correlation between weevil weight and the amount of pheromone released.
Influence of Photoperiod. There were no signiÞcant differences in the number of individuals releasing pheromone ( 2 ϭ 5.39, df ϭ 2, P Ͼ 0.05) or in the amounts of pheromone being released per individual (H ϭ 4.16, df ϭ 2, P Ͼ 0.05) among the three photoperiods (Table 2) .
Influence of the Time of Day. There were no signiÞcant differences throughout the 24-h sampling period as to when the pheromone was released ( 2 ϭ 2.83, df ϭ 1, P Ͼ 0.05) or as to how many pheromone was released (H ϭ 4.32, df ϭ 7, P Ͼ 0.05; Table 3 ).
Discussion
We found that only two of the four studied factors affected pheromone release in S. acupunctatus. Our results clearly showed that food is an important factor, because weevils that were deprived of plant material did not release any pheromone. A similar situation seems to occur in other beetles that aggregate on host Means followed by the same letter are not signiÞcantly different (P Ͻ 0.05) by the Sprent (1993) procedure. plants in response to pheromone, although this has only been proven in a few cases (Landolt 1997) . For instance, Rhynchophorus palmarum L. males are thought to release pheromone in the presence of food (Rochat et al. 1991 , Jaffé et al. 1993 . Furthermore, we found that S. acupunctatus males fed with apple, a nonhost plant, released lower amounts of pheromone than males fed with agave. This Þnding explains our previous Þeld trapping results, where traps baited with live males feeding on agave captured more weevils than traps baited with males feeding on apple (RuizMontiel et al. 2003) . The results of our study, together with those of Ruiz-Montiel et al. (2003) , suggest that S. acupunctatus males are able to vary the amount of pheromone they release depending on the suitability of the host plant.
The inßuence of food type on pheromone release has previously been reported for other beetles (Bashir et al. 2003 , Edde et al. 2007 ) as well. Rhyzopertha dominica (F.) males that were fed on wheat, which is a suitable host for this species, released a greater amount of pheromone than males fed on less suitable host plants (Edde et al. 2007 ). In the case of S. acupuncatus, future research is necessary to investigate the inßuence of host suitability on pheromone release using a wider range of plants as well as other factors that can affect host suitability. For example, S. acupuncatus prefers mature plants and is rarely found on recently planted agaves (Ramṍrez-Choza 1993; González-Hernández, H. et al., unpublished data).
Our results suggest that males need to feed on plant material to release pheromone and host odor does not seem to be important in stimulating pheromone release in S. acupuncatus. In contrast, R. palmarum males stimulated for 1 min with ethyl acetate, a component of host odor, were attractive to conspeciÞcs in an olfactometer ϳ10 min after smelling the compound. This suggests that pheromone production is initiated minutes after weevils are stimulated with ethyl acetate. Futher experiments with this species showed that pheromones are produced and constantly released once weevils are exposed to ethyl acetate (Sánchez et al. 1996) . The results of this study are not easy to interpret, because the weevils were allowed to feed before being stimulated with ethyl acetate. S. acupunctatus males deprived of food and stimulated for 10 min with agave volatiles or ethyl acetate did not release pheromone (Santiesteban-Hernández, A. and J. C. Rojas, unpublished data). In other beetles, the production of aggregation pheromones depends on feeding. In some species, the effect of feeding is related to the hormonal regulation of pheromone biosynthesis rather than to pheromone precursors (Seybold and Vanderwel 2003) . For example, in Ips pini (Say), feeding stimulates JH III production in the corpora allata, which in turn stimulates de novo pheromone biosynthesis (Tillman et al. 1998) .
Interestingly, our results showed that some males did not release pheromone despite being provided with food. One explanation is that these males did not release enough pheromone to be detected by our methods. It would be interesting to evaluate the attractiveness of these males. Also, because pheromone were collected for only 15 min, it is possible that males simply ceased releasing pheromone for part of the day. However, the latter explanation differs from our results that showed males are able to release pheromone during a 24-h period. Another possibility is that males were not in contact with food long enough to begin pheromone release. R. palmarum males initiated pheromone release minutes after being stimulated by ethyl acetate (Sánchez et al. 1996) . If the same is true for S. acupuncatus males, time seems to be an unlikely explanation, because the males were in contact with food for at least 36 h before being sampled. A more extreme explanation is that some S. acupuncatus males do not release pheromone at all. Indeed, a high individual variation in pheromone production has been found in moths and beetles (Schlyter and Birgersson 1989 , Kim et al. 2002 , Pureswaran et al. 2007 ). For example, Kim et al. (2002) found that some virgin females of Anomala cuprea Hope did not release any quantiÞable pheromone during the experimental period of their study. Also, in bark beetles it has been reported that, although some individuals produce large amounts of pheromone, others produce little or no pheromone Borden 2003, Pureswaran et al. 2007 , and references therein). Borden et al. (1986) reported that production of the trans-verbenol aggregation pheromone from Dendroctonus ponderosae Hopkins females varied from 0 to 2,204 ng/beetle.
Insect age was another factor that affected pheromone release in S. acupuncatus. We found that young males can release pheromone and pheromone release increased as they aged. Unfortunately, we do not have much information about the natural history of S. acupunctatus, so it is difÞcult to explain these results. For example, we do not know if weevils remain on brood host plants or leave them as soon as they emerge as adults. After emergence, bark beetle adults leave the brood tree and attempt to locate a host tree using semiochemicals (Byers 1995) . Generally, individuals of only one sex begin the attack and release pheromone to attract conspeciÞcs once a suitable tree has been found. If a similar situation occurs in S. acupunctatus, one would expect young males to release more pheromone for recruiting weevils to faciliate both mating and the degradation of host plants. In the laboratory, some observations indicated that S. acupuncatus adults were able to copulate as soon as they emerged (Hernández et al. 2006) .
Pheromone release in long-lived beetles has been studied. Spurgeon (2003) studied pheromone release in the boll weevil, Anthonomus grandis Boheman, during the Þrst 12 d of its adulthood. He found that pheromone release increased with age until the nineth day and diminished thereafter. In Prostephanus truncatus (Horn), pheromone release peaked when males were ϳ2Ð3 wk old and declined thereafter until the beetles died (Smith et al. 1996) . Edde and Phillips (2006) found that the pheromone release peak in Rhyzopertha dominica L. occurred when males were between 4 and 12 wk old; it declined when males were 24 wk old and remained stable thereafter.
We found that S. acupuncatus males released pheromone during photophase and scotophase, although there was no signiÞcant release peak. Also, under the experimental conditions of this study, pheromone release by S. acupunctatus was not affected by the photoperiod. The daily periodicity of aggregation pheromones have been studied in beetles. Gueldner and Wiygul (1978) found that when male boll weevils were held in a light regimen of 16 h of light and 8 h of darkness, they released pheromones during the 2400-hour period, but the highest daily peak of pheromone release occurred between 0700 and 1300 hours. When males were held in constant darkness, only traces of pheromones were released; when weevils were maintained under continuous light, the release of pheromones was arrhythmic. Pheromone release by Oulema melanopus (L.) males was higher during the day than at night (Rao et al. 2003) . R. dominica males released more pheromones during the photophase (0800 Ð2000 hours) than the scotophase (2000 Ð 0800 hours) (Bashir et al. 2003) . During the photophase, the amounts of pheromones released by males were similar during the period of 0800 Ð1600 hours but increased in the late afternoon (1600 Ð2000 hours), coinciding with the beetleÕs ßight activity peak.
In conclusion, this study showed that food and age inßuenced the release of pheromone in S. acupuncatus males. Nevertheless, on some occasions individuals did not emit any pheromone. Therefore, it is likely that other factors in addition to those studied affect pheromone release in this species. More studies regarding the natural history of S. acupuncatus are needed to completely understand agave weevil chemical ecology. These studies may contribute to the development of new pest management strategies against this species.
